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Summary This review presents information about the development of primary sensory neurons
in the trigeminal nervous system. The deficiency of high affinity receptors for nerve growth factor
(trkA) and neurotrophin-3 (trk-C) causesa reduction of primary nociceptors in the trigeminal
ganglion (TG). The disruption of trkB, a receptor for brain-derived neurotrophic factor and
neurotrophin-4, causes a loss of Meissner endings in the palate and Ruffini endings in the
periodontal ligament. The number of Merkel cells in palatal rugae is also severely reduced by
the absence of trkA, trkB or trkC. In the mesencephalic trigeminal tract nucleus (Mes5), primary
proprioceptors are decreased by 50% in trkC null mutant mice. On the other hand, the deficiency
of Brn-3a, a member of the POU family of transcription factors, decreases primary nociceptors and
low-threshold mechanoreceptors in the TG. In the Mes5 of Brn-3a knockout mice, primary
proprioceptors are completely lost. In addition, the disruption of dystonin which is a member
of the plakin family of high molecular weight cytoskeletal linker proteins causes a reduction of
nociceptors in the TG but not proprioceptors in the Mes5. The dependency of primary nociceptors,
low-threshold mechanoreceptors and proprioceptors on neurotrophins, Brn-3a and dystonin in the
trigeminal nervous system is discussed.
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Primary sensory neurons in the spinal and trigeminal nervous
systems subserve a variety of sensory modalities. Calcitonin-
gene related peptide (CGRP), substance P (SP), and transient
receptor potential vanilloid 1 (TRPV1) and 2 (TRPV2) have
been considered to be markers for primary afferentnocicep-
tors [1—11]. These substances are mainly localized in small to
medium-sized neurons in the sensory ganglia of the spinal and
trigeminal nerves [1,4,6—11]. Such neurons have unmyeli-
nated or finely myelinated axons, and supply their peripheral
receptive fields with free nerve endings [1—10]. CGRP-, SP-,
TRPV1- and TRPV2-containing neurons in the dorsal root
(DRG) and trigeminal ganglia (TG) project to the superficial
laminae of spinal and medullary dorsal horns, respectively
[1,8,9,12].
The DRG and TG contain calcium-binding proteins (CaBPs)
such as parvalbumin, calretinin, S100 proteins and neurocal-
cin [13—18]. These CaBPs are localized in medium-sized to
large neurons with myelinated axons. Previous immunohis-
tochemical studies have demonstrated that encapsulated
and unencapsulated corpuscular endings in the skin and oral
mucosa contain CaBPs [19—21]. Thus, CaBP-containing neu-
rons are considered to include low-threshold mechanorecep-
tors. In addition, large DRG neurons which contain CaBPs send
their peripheral axons to muscle spindles [13—15,17]. These
findings suggest that CaBPs are also markers for muscular
proprioceptors in the DRG. However, cell bodies of proprio-
ceptors innervating masticatory muscles and periodontal
ligament are located in the mesencephalic trigeminal tract
nucleus (Mes5). Because primary neurons in the Mes5 contain
parvalbumin [22—24], the CaBP is recognized to be a marker
for primary proprioceptors in the trigeminal nervous system.
The development and survival of vertebrate neurons
depends on neurotrophic factors such as nerve growth factor
(NGF), brain derived neurotrophic factor (BDNF), neurotro-
phin-3 (NT3) and neurotrophin-4 (NT4) [25—34]. These neu-
rotrophins are capable of promoting the survival of specific
neuronal populations through their interaction with the tyr-
osine kinase receptors trkA, trkB and trkC [26,28,30,33,34].Table 1 Dependency of sensory neurons on neurotrophins and th
Type Peripheraltarget or ending 
Nociceptor Free nerve ending 
Low-threshold mechanoreceptor Corpuscular ending Merkel en
Proprioceptor Muscle spindle periodontal ligNGF binds to trkA. BDNF and NT-4 signal through trkB. NT-3
binds to trkC and, to a lesser degree, trkB. Previous studies
have demonstrated that the deletion of genes for these trks
results in loss or decrease of various types of sensory neurons
in the spinal nervous system [25—29,31,32]. In addition, the
deficiency of intracellular proteins affects the development
of nociceptive and proprioceptive neurons in the DRG
[35,36].
The present review will focus on the developmental
dependency of primary sensory neurons on neurotrophins
and other proteins in the trigeminal nervous system.
2. Developmental dependency of sensory
neurons in the trigeminal nervous system
2.1. Neurotrophins and their receptors
The number of TG neurons is severely decreased in trk-
knockout mice as compared to wildtype and heterozygous
mice (82%, 39%, and 48% reduction for trkA, trkB and trkC,
respectively) [37]. In trkA- or trkC-deficient mice, the num-
ber of TG neurons with a variety of cell body sizes is
decreased. However, the absence of trkB causes the reduc-
tion of medium-sized and large TG neurons.
The loss of NGF and trkA results in the disappearance of
CGRP-containing neurons in the DRG and their central axons in
the superficial laminae of the spinal cord [26,29]. In addition,
CGRP-containing free nerve endings are absent in the skin of
trkA null mutant mice. Mice deficient for NGF and trkA suffer
from complete loss of sensory neurons responsive to pain. In
the spinal nervous system, thus, the development of primary
nociecptors is considered to depend on NGF. In the trigeminal
nervous system, the absence of trkA causes a loss of sensory
nerve fibers in the tooth pulp and a severe reduction of those in
the periodontal ligament [38]. CGRP- and SP-containing nerve
fibers are also reduced or completely disappear in oro-facial
structures (Table 1). The survival of TRPV2 (a marker for
medium-sized to large primary nociceptors)-containing neu-
rons is also dependent upon trkA [37]. Medium-sized TRPV2-
containing neurons almost disappear in trkA-knockout miceeir receptors in the trigeminal nervous system.
Location of
cell bodies
Neurotrophin/receptor
TG NGF/trkA NT-3/trkC
ding TG NGF/trkA BDNF, NT-4/trkB NT-3/trkC
ament Mes5 BDNF, NT-4/trkB NT-3/trkC
Table 2 Dependency of sensory neurons on Brn-3a and
dystonin in the trigeminal nervous system.
Type Markers Dependency
Nociceptor CGRP Brn-3a, dystonin
TRPV2 Brn-3a
IB4-binding Dystonin
Low-threshold mechanoreceptorParvalbuminBrn-3a
Proprioceptor ParvalbuminBrn-3a
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large TRPV2-containing neurons (Table 1) [37]. These trkC-
dependent neurons are thought to send varicose fibers to the
deep layer of mucosal connective tissue of the palate. There-
fore, the development of primary nociceptors in the trigeminal
system is probably dependent upon NGF and NT-3.
Mice deficient for BDNF and its receptor trkB suffer a loss
of sensory neurons responsive to tactile stimuli in the spinal
nervous system [25,26,28]. Thus, BDNF is thought to be
essential for the survival of low-threshold mechanorecep-
tors. In the trigeminal nervous system, mechanoreceptive
neurons also require trkB (Table 1). In trkB knockout mice,
S100-containing corpuscular endings at the top of palatal
rugae completely disappear [39]. An immunoelectron micro-
scopic study indicates that these trkB-dependent endings are
identical to Meissner corpuscles [39]. In addition, trkB defi-
ciency causes the loss of Ruffini endings in the periodontal
ligament (Table 1) [40]. In vibrissal follicles of neonatal rats,
the application of BDNF antiserum causes a decrease of
Ruffini endings [41]. However, the distribution of Meissner
and Ruffini endings remains unchanged in trkA- or trkC-
knockout mice [39,40]. The number of Merkel cells is severely
reduced in palatal rugae of knockout mice for trkA, trkB and
trkC (Table 1) [42]. In the vibrissal pad of trkA knockout mice,
calretinin-positive fibers innervating longitudinal lanceolate
endings are completely lost [38]. Therefore, it is suggested
that one or more neurotrophins are necessary for the devel-
opment of low-threshold mechanoreceptors in the trigeminal
nervous system.
In trkC knockout mice, spinal proprioceptive afferents
containing parvalbumin are completely absent in the limb
skeletal muscles, M. biceps femoris and M. gastrocnemius
[43]. In addition, mice deficient for NT-3and trkC show
abnormal movements caused by the loss of sensory proprio-
ceptive neurons [26,27]. Thus, NT-3 is essential for the
survival of primary proprioceptors in the spinal nervous
system. In the Mes5 of trkC-knockout mice, however, 50%
of parvalbimin-containing neurons can survive (Table 1) [43].
Such surviving neurons give rise to stretch receptor com-
plexes in masseter muscles. On the other hand, Mes5 neurons
are decreased by 33% in BDNF null mutants, and 10% in NT4
null mutant mice (Table 1) [44]. Thus, multiple neurotrophins
are probably necessary for the survival of proprioceptive
neurons in the trigeminal nervous system. This suggestion
can be partly supported by our previous finding that the
exogenous BDNF prevents cell death of Mes5 neurons after
neonatal masseteric nerve transection [45]. It is likely that
the neurotrophin dependency of proprioceptive neurons is
different in the spinal and trigeminal nervous systems.
2.2. Brn-3a
Brn-3a/Brn-3.0 is a member of the POU family of transcrip-
tion factors expressed by neurons [46—49]. This factor pro-
tects neurons from their cell death and stimulates outgrowth
of neuronal processes [50—52]. Targeted deletion of the Brn-
3a gene in mice has little or no effect on the number of
sensory neurons in the DRG [53]. However, loss of Brn-3a
causes a marked reduction of sensory neurons in the TG; only
30% of the normal complement of neurons survive until birth
[53,54]. By cell size analysis, the proportion of small neurons
markedly increases while that of medium-sized and largeneurons significantly decreases in the TG of Brn-3a knockout
mice [55]. Thus, it is likely that Brn-3a deficiency predomi-
nantly causes the cell death of medium-sized and large TG
neurons.
Our immunohistochemical studies have indicated that
Brn-3a is necessary for the development of nociceptors
and low threshold-mechanoreceptors in the TG (Table 2)
[55,56]. The loss of Brn-3a reduces the number of med-
ium-sized CGRP-containing neurons [56]. In Brn-3a knockout
mouse, medium-sized and large TRPV2-containing neurons
disappear whereas small TRPV1-containing neurons remain
unchanged (Table 2) [55,57]. In addition, a 63% decrease of
parvalbumin-containing TG neurons is detected (Table 2)
[56]. In the Brn-3a knockoutvibrissa, parvalbumin-containing
endings are lost and Merkel endings are reduced. Thus, it is
suggested that primary nociceptors and mechanoreceptors
with medium-sized and large cell bodies in the TG require
Brn-3a for their survival. On the other hand, the number of
small TG neurons which contain CGRP, calbindin D-28k or
calretinin is increased by the loss of Brn-3a [56]. Brn-3a may
also have a function to suppress the expression of these
neurochemical substances in small TG neurons.
The trigeminal motor nucleus contains abundant moto-
neurons in wild-type and Brn-3a knockout mice [58]. In the
Mes5 of wild-type mice, many proprioceptors that contain
parvalbumin are also observed. In Brn-3a knockout mice,
however, parvalbumin-containing Mes5 neurons cannot be
detected (Table 2) [58]. Therefore, Brn-3a is probably
required for the survival of proprioceptors but not motoneur-
ons in the trigeminal nervous system.
2.3. Dystonin
Dystoninis known as Bullous Pemphigoid Antigen 1 (Bpag1)
which is a member of the plakin family of high molecular
weight cytoskeletal linker proteins [59]. The dystonin iso-
forms can play a role in cytoskeleton organization during
axonogenesis [60,61]. Targeted and spontaneous mutation of
the dystonin locus in mice [dystonia musculorum (dt) mice]
results in dystonic movement and severe ataxia [62]. In these
mice, sensory nerve fibers are reduced and axonal swellings
are detected in the remaining fibers [62]. In the DRG, dysto-
nin mutation reduces the number of large neurons which send
their peripheral axons to muscle spindles. In the dystonin
knockout mouse, small nociceptors which bind to isolectin B4
(IB4) are also reduced [36]. However, CGRP-containing neu-
rons are abundant in the mutant DRG. Thus, it is likely that
failure in axonal transport of neurotrophic substances, as the
consequence of microtubule network perturbation, causes
excessive cell death of proprioceptors and IB4-binding noci-
ceptors in the DRG of dt mice [36,63]. In the TG of dt mice,
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tion) [64]. The dystonin disruption decreases sensory neurons
which bind to IB4 or contain CGRP (Table 2). In contrast, Mes5
neurons are barely affected in dt mice [64]. These data
suggest that dystonin is necessary for survival of nociceptors
but not proprioceptors in the trigeminal nervous system.
3. Conclusions
This review describes the effects of deficiency of neurotro-
phin receptors, Brn-3a or dystonin on sensory neurons in the
trigeminal nervous system. The trkA, trkB or trkC disruption
results in loss or decrease of nociceptors and low-threshold
mechanoreceptors in the TG. Primary proprioceptors in the
Mes5 are also decreased in trkC knockout mice. On the other
hand, mice deficient for Brn-3a exhibit reduction of noci-
ceptors and mechanoreceptors in the TG as well as loss of
proprioceptors in the Mes5. Dystonin disruption decreases
the number of nociceptors in the TG but not proprioceptors in
the Mes5. These findings suggest that nociceptors, mechan-
oreceptors and proprioceptors in the trigeminal nervous
system require one or more neurotrophins and Brn-3a for
their development. Dystoninis probably necessary for the
survival of nociceptors in the TG but not proprioceptors in
the Mes5.
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